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Abstract 
Laser scanning confocal microscopy in combination with the fluorescent calcium indicators Fluo-3 and Fura-Red was employed to 
estimate the intracellular concentration f free calcium ions in individual olfactory receptor neurons and to monitor temporal and spatial 
changes in the Ca2+-level upon stimulation. The chemosensory cells responded to odorants with a significant increase in the calcium 
concentration, preferentially in the dendritic knob. Applying various timulation paradigma, it was found that in a population of isolated 
cells, subsets of receptor neurons display distinct patterns of responsiveness. 
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1. Introduction 
Chemical stimuli in the external environment are re- 
ceived by chemosensory olfactory neurons and converted 
into neuronal signals. This chemo-electrical transduction 
process proceeds through the generation of intracellular 
second messenger, notably cyclic adenosine 3,5'-mono- 
phosphate (cAMP) and inositol 1,4,5-trisphosphate (IP 3) 
[1-6]. Intracellular cAMP initiates the electrophysiological 
response by directly gating non-specific ation channels 
located in the plasma membrane of the sensory cilia [7,8]. 
The mechanism by which IP 3 elicits the electrical response 
may be through analogous channels gated by IP 3 [9-11]. 
Both channels are supposed to mediate the influx of 
cations including Ca2+-ions [9,10,12]; thus, activation of 
these poorly selective ion c]hannels results, in addition to a 
membrane depolarisation, i  an increase in the intracellular 
calcium concentration ([Ca2+] i) [13-15]. The rise in 
[ Ca2 + ]i induced by odor stimulation is supposed to play an 
important role in regulating the responsiveness of olfactory 
neurons, since it appears to control several elements of the 
transduction cascade. Elevated levels of  [Ca2+]i block 
cAMP-gated ion channels [ ii 6-19], activate Ca 2 +-regulated 
K+-channels [20] and a Ca 2+-dependent Cl - -  
conductance[21-23]; thus, ~fffecting the depolarisation and 
repolarisation of the cells. Furthermore, the concentration 
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of Ca2+-ions is supposed to modulate the activity of key 
enzymes in the transduction pathway [24,25] and appears 
to be involved in adaptation [26]. Towards an understand- 
ing of the multiple functions of Ca 2 +-ions in the chemo- 
electrical transduction process, it is necessary to monitor 
the concentration of cytosolic free calcium in olfactory 
neurons. Employing the calcium-sensitive dye fura-2 [27] 
in conjunction with epifluorescence microscopy has al- 
lowed to detect Ca2+-level changes in the small olfactory 
cells which are not amenable to ion-selective microelec- 
trode studies [13-15]. Application of a novel ratiometric 
confocal Ca2+-measurements with a mixture of two fluo- 
rescent Ca2+-indicators with excitation spectra in the visi- 
ble range of wavelength now allows an estimation of the 
actual Ca 2+ concentration with improved temporal and 
spatial resolution [28]. In this study we have used the laser 
scanning confocal microscopy in combination with the 
fluorescent Ca 2 +-indicators Fluo-3 and Fura-Red to resolve 
the stimulus-induced temporal and spatial changes in the 
Ca 2 +-levels of isolated olfactory receptor neurons. 
2. Materials and methods 
2.1. Solutions 
Krebs Ringer contained (in mM): 120 NaCI, 5 KCI, 1.6 
K2HPO 4, 1.2 MgSO 4, 25 NaHCO 3, 7.5 glucose, pH 7.4; 
DPBS (in mM): 500 /~M MgCI~6 H20, 2.7 KC1, 1.5 
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potassium-phosphate (monobasic), 137 NaC1, 8 sodium- 
phosphate (dibasic), additional: 10 glucose, 1 pyruvic acid 
(sodium salt), 1 CaC12, pH 7.4; Ca2÷-free DPBS was 
DPBS supplemented with 2 mM EDTA; NaC1 was substi- 
tuted by choline-chloride. DPBS +:  DPBS with 0.75 U 
DNase/ml ;  cysteine solution: DPBS + containing 5 mM 
cysteine; forskolin was from RBI (Natick, MA, USA); 
diltiazem was a gift from Dr. Glatz G~Sdecke (Freiburg, 
Germany). Unless otherwise specified, all reagents were 
from Sigma Chemical Co. (Deisenhofen, Germany). The 
acetoxymethyl ester (AM) of fluo-3, fura-red and pluronic 
F-127 were obtained from Molecular Probes, (Eugene, OR, 
USA). 50 /~g fluo-3 AM and 50 /xg fura-Red AM were 
dissolved in 1 /.tl DMSO. Odorants were from DROM 
(Baierbrunn, Germany). Mixture I contained equal concen- 
trations (1 /zM) of citralva, hedione, eugenol; mixture II 
contained lilial, lyral, ethylvanillin (1 /~M each). 
2.2. Preparat ion and tissue dissociat ion 
Sprague-Dawley rats in the age of 4 -6  weeks were 
decapitated after anaesthesia with COz; the olfactory ep- 
Fig. 1. Isolated olfactory neuron from rat; the morphology of the bipolar neuron is well perserved. Note the round soma extending in a single dendrite 
which end in the protuberant olfactory knob carrying serveral thin ciliary processes. 
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ithelium was excised and minced with scissors in 1 ml 
DPBS +.  All tissue preparation steps were performed at 
4°C. The tissue was treated ~twice with the enzyme collage- 
nase (1.5 ml DPBS + with 0.5 mg collagenase) for 5 
minin a shaking water bath at 30°C. Individual cells were 
detached from the tissue by pipetting through a pasteur- 
pipette (4-5 mm diameter). After dissociation, the cell 
suspension was filtered through a 90 /zm nylon mesh into 
5 ml of ice-cold cysteine solution. In order to wash the 
cells, the suspension was centrifuged twice for 6 min at 50 
g and resuspended carefully in 1 ml cold DPBS. 200/zl of 
the cell suspension was put onto a glass coverslip coated 
with concanavaline and the cells were allowed to attach to 
the cover slip for about 30 min, thereafter they were 
incubated with 100 /xl DPBS containing 32 /zM Fluo-3 
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Fig. 2. (a) Determination of the fluorescence intensity in isolated olfac- 
tory neurons loaded with Fluo-3 and Fura-Red in the presence of the 
Ca2+-ionophore A 23187 (10 /,~M) at high (5×10 -3 M) and low 
(8x10 -9 M) calcium concentration. Whereas the fluorescence r gistered 
at 525 nm (Fluo-3) significantly increased at high and decreased at low 
Ca2+-concentration, the Fura-Red fluorescence (600 nm) displayed an 
opposite response. (b) The ratio of the two fluorescence emission was 
calculated; calibration in terms of Ca2+-concentration was performed 
according to Grynkiewicz et al. (1984). 
AM, 32/zM Fura-Red AM, 1% BSA and Pluronic/DMSO 
for 2 h at room temperature. 
2.3. Measurements of intracellular Ca 2 + in single olfac- 
tory neurons 
Intracellular calcium in single cells was measured with 
a confocal imaging system (MRC 600, Bio-Rad), which 
was attached to a conventional microscope (Labophot, 
Nikon Japan). A 25 mWatt Argon ion laser (Ion Laser 
Technology) with two available xitation wavelengths was 
used as a source of light. The intensity of the laser light 
was diminished by means of a filter wheel with different 
neutral density filters. The mixture of the fluorescent dyes 
was excited by the 488 nm line of the Argon ion laser and 
the fluorescent light emitted by the cells under 40 × (40 × 
Neofluar Ph2 0.75) or 60 X magnification (63 × Plan- 
Neofluar Ph3 1.25 Oil) was imaged. The emitted fluores- 
cent light of the Ca2+-indicators was separated by two 
filter combinations (filter 1:495 FG 03-5Q; filter 2:585 
FD 62-5Q, 495 FG 03-5Q) and the fluorescence of each 
dye was detected by two photomultipliers. An IBM-com- 
patible personal computer was used for control of the 
confocal imaging system, data aquisition and storage. The 
measurement software performs the ratio calculation of the 
fluorescence intensities from the two indicators as closed 
curves and produces a pseudocolor image for the intensity 
of each fluorescent dye. 
During the experiment the olfactory receptor cells were 
continuously perfused with DPBS or DPBS containing a 
stimulant at room temperature. Exchange of the solution in 
the perfusion chamber (volume 1.5 ml) took place within 
16 to 20 s. The measurement time for each image was 2 s. 
To obtain images with a low noise they were recorded at 
the slowest scanning rate. For analysing Ca2+-signals with 
a high temporal resolution (subsecond range) the line-scan 
mode of the set-up was used, which enabled the repeated 
rapid scanning of a single line over the object with a 
frequency of 250 Hz. 
2.4. Calibration of the Ca 2 +-concentration 
In order to convert he resulting fluorescence ratios into 
Ca 2 +-concentrations two different methods, in vivo and in 
vitro calibration procedures, were compared. For the in 
vivo calibration a dye loaded receptor cell, which was 
permeabilized with the Caa+-ionophor A23187 was per- 
fused with high Ca2+-solution (DPBS + 2 mM Ca 2+ ) in 
order to saturate the Ca2+-indicators and to measure the 
maximum ratio (Rma x = 10) and dye-intensity values. Af- 
terwards the same cell was perfused with low Ca2+-solu - 
tion (DPBS + 10 mM EGTA) and the minimum ratios 
(Rmi n = 0.5)  and intensities were determined. For the in 
vitro calibration the AM-esters of Fluo-3 and Fura-Red 
were hydrolized and the maximum and minimum ratios 
and intensities were estimated in high and low Ca2+-solu - 
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tion [28]. The values received with both calibration-meth- 
ods were calculated with a formula of Grynkiewicz et al. 
[27] to get the Ca2+-concentration f r each ratio value. The 
in vivo and in vitro calibration gave the same results. 
3. Results 
Applying very mild chemical and mechanical proce- 
dures tissue preparations from the nasal epithelium of rat 
were dissociated leading to suspensions of numerous olfac- 
tory receptor cells with normal morphological shape; i.e., 
cell bodies of about 10 ~m diameter with dendrites of 
10-50 /xm in length, terminating in a characteristic knob 
which carries several cilia (Fig. 1). Sensory neurons could 
be readily distinguished by their characteristic morphology 
from accompanying cell types, such as supporting and 
basal cells. 
To determine the basal cytosolic Ca 2+ concentration, 
isolated cells were loaded with the calcium indicator Fluo-3 
and Fura-Red. Excitation with laser light of 488 nm led 
one of the two indicators (Fluo-3) to exhibit an increase in 
the green fluorescence (525 nm) upon Ca 2÷ binding, 
whereas the other dye (Fura-Red) showed a decrease in the 
red fluorescence (600 nm) in the CaZ+-liganded state. The 
ratio of the two fluorescence emissions can be calibrated in 
terms of Ca 2+ concentration. Using the in vitro calibration 
procedure described by Lipp and Niggli [28] and the Ca 2+ 
ionophor A 23187 to permeabilize the cell membrane, 
fluorescence intensities were determined at high and low 
calcium concentrations (Fig. 2). The actual Ca 2+ concen- 
tration corresponding to the fluorescence ratios were deter- 
mined according to Grynkiewicz et al. [27]. A fluorescence 
image of an isolated olfactory cell is shown in Fig. 3; the 
calculated Ca 2+ concentrations are pseudo-color coded 
ranging from black (O nM Ca 2 ÷ ) over blue, green and red 
to white (400 nM Ca 2÷ ). In most of the analysed cells the 
level of [Ca2+] i was between 40-80  nM. These data 
indicate that the isolated receptor neurons exhibit a basal 
cytosolic Ca2+-concentration, typical for functional mam- 
malian cells, and thus dispose an intact Ca 2+ homeostasis. 
The intracellular Ca2+-levels in olfactory neurons can 
be modified by influx of Ca 2÷ via two independent path- 
ways; i.e., either by activation of voltage-gated Ca2+-chan - 
nels [29] or second messenger activated cation channels 
[30]. Depolarizing isolated olfactory receptor cells by in- 
Fig. 3. Fluorescence image of an isolated olfactory neurons loaded with Fluo-3 and Fura-Red. The indicators were excited with laser light of 488 nm. The 
calculated calcium concentration are pseudo-color-coded. Thecolour bar codes intensity values from low (0 riM) to high (400 nM) concentrations of 
calcium. (a) Olfactory receptor neuron before stimulation; the cell shows a basal calcium concentration f about 80-100 nM. (b) Olfactory receptor 
neuron, after stimulation with 5 /zM forskolin; the calcium concentration in the dendritic knob and the soma rises significantly reaching a level of 300-400 
nM. 
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creasing the extracellular K+-concentration from 5 mM to 
25 mM evoked an instantaneous increase of [Ca2+]i in 
more than 90% of the cells. Without any measureable 
delay, the Ca2÷-levels rose,, to about the same extent in 
both the soma and the knob. In contrast, upon application 
of forskolin, which actival:es the adenylate cyclase and 
elicits an increase of cAMP-levels in the cell preparation 
(data not shown), an elevation of  [Ca2+]i was only regis- 
tered after a significant emporal delay in about two-thirds 
of the neurons and persisted over a longer time period. 
Using the line-scan mode it was observed that the Ca 2+- 
signal elicited by forskolin was more pronounced in the 
knob region than in the soma. Experiments using Ca2+-free 
Ringer-solution i dicated that the elevation of intracellular 
Ca2+-levels elicited by both stimuli depends on extracellu- 
lar Ca 2+ and is therefore most probably due to influx of 
Ca2+-ions via activated ion channels. When isolated olfac- 
tory neurons were exposed to different odorants, a signifi- 
cant increase in [Ca 2 ÷ ]i was observed in about 50% of the 
cells (Fig. 4). Upon arrival of the odorous compounds a
rapid raise in the calcium concentration is elicited. The 
phasic calcium signal is decaying to an intermediate onic 
level. 
Recent biochemical studies on isolated olfactory cilia 
have shown that only cem~in odorants elicit a cAMP-re- 
sponse, whereas others induce the generation of a rapid 
and transient IP3-signal [2;1]. In order to approach the 
question of whether the alternative second messenger path- 
ways both lead to an increase in [Ca2+]i levels, isolated 
sensory cells were challenged with mixtures of odorants 
that trigger either cAMP- or IP3-responses; (mixture I: 
citralva, eugenol, hedione, 1 /zM each; mixture II: ethyl- 
vaniline, lilial, lyral, 1 ~IVI each). As can be seen in Fig. 
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Fig. 4. Ef fect  o f  odorants on intracel lular ca lc ium concentrat ion o f  a 
single olfactory neuron. During the time indicated by the bar, the 
perfusate was switched to a solution containing 10 ~M Lilial. A rapid 
and transient increase of [Ca 2+ ]~ in the soma is elicited upon arrival of 
the odorous compounds. After ~al initial phasic response the elevated 
calcium concentration is decaying: to a tonic level. 
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Fig. 5. Comparison of Ca2+-signals in olfactory neurons elicited by 
stimulation with odorant mixture II (ethylvaniline, lilial, lyral, 1 p,M 
each) which trigger IP3-responses (a) and by odorant mixture I (citralva, 
eugenol, hedione, 1 /zM each) which is supposed to induce cAMP-re- 
sponses (b). Note the significant increase of calcium concentration i the 
knob region; the calcium level in the soma is only slightly increased 
under these conditions. 
5a,b, both mixtures of odorants elicit a change in intra- 
cellular Ca2÷-level to about he same extent, with a similar 
kinetic and knob/soma ratio. The odorant-induced Ca 2÷- 
signal was 2- to 4-fold stronger in the dendritic knob 
compared to the soma region. In addition, after odorant-ap- 
plication the raise in [Ca 2÷ ]i occurred quite rapidly in the 
dendritic knob, but only with a considerable atency in the 
soma. Similar differences between soma and knob were 
observed in the kinetics of Ca2+-signals elicited by 
forskolin, whereas the signals induced by depolarisation 
showed no differences between the two compartments. 
Both mixtures elicited a Ca2+-signal in about 40% of the 
cells. 
To evaluate if the stimulatory effect of the two odorant 
mixtures are in fact mediated by the alternative transduc- 
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tion pathways, different inhibitors were employed. The 
olfactory cAMP-gated cation channel, which is permeable 
to Ca 2+ is specifically blocked by L-cis-diltiazem [32]. As 
shown in Fig. 6a,b, low doses of L-cis-diltiazem (50 /zM) 
prevent the Ca2+-signal elicited by odorants which are 
supposed to trigger the cAMP-pathway (1 /zM) but only 
slightly affected the response to odorants (1 /xM) activat- 
ing the IP3-cascade. In contrast, neomycin (200 /zM), a 
specific blocker for phospholipase C [33], significantly 
attenuated the responsiveness of cells to IP3-odorants but 
hardly affected the Ca 2 +-signal elicited by cAMP-odorants 
(Fig. 6c,d). 
To explore the source of Ca 2 +-ions which contribute to 
the odorant-induced levation of intracellular Ca2+-levels, 
isolated olfactory neurons responding to odorant mixtures 
which trigger the cAMP-pathway or the IP3-pathway, re- 
spectively, were stimulated in Ca2+-free solution. As 
demonstrated in Fig. 7, exemplarily for cAMP-odors there 
was no CaZ+-signal dectable in the absence of extraceilular 
calcium, whereas a characteristical signal was elicited in 
solution with 1 mM calcium; the same was true for 
IP3-odorants. These results indicate that both the cAMP- 
and the IP3-cascade licit an influx of extracellular Ca 2+- 
ions and suggest hat a contribution of Ca2+-ions released 
from intracellular stores to the odorant-induced CaZ+-sig - 
nals is neglectable. These results support the notion that 
different odor stimuli are in fact mediated by alternative 
transduction cascades in isolated receptor cells and suggest 
that the elicited Ca2+-signals are due to Ca2+-influx via 
different ion channel gated by the respective second mes- 
senger. 
A broad range of odor doses were applied to approach 
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Fig. 6. Effects of L-cis-diltiazem (50 /LM), which blocks cyclic nucleotide gated channels (a,b) and of neomycin (200/zM), an inhibitor of phospholipase 
C (c,d), on the Ca2+-signals elicited by odorant mixture I (a,d) and mixture II (b,c). Note the selective effect of diltiazem on the response tomixture I,
whereas the Ca2+-signal induced by mixture lI is only slightly effected. Incontrast, inhibition of phospholipase C by neomycin completely attenuates the 
Ca2÷-signal elicited by mixture II with little effects on the response tomixture I.
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Fig. 7. Odorant induced Ca2+-sig]aals in isolated olfactory neurons in the presence and absence of extracellular Ca2÷-ions. Under normal ionic conditions 
in the bathing medium (1 mM Ca 2 + ) application of odorant mixture I (1 /~M) elicited a significant elevation of [Ca 2 + ]i. Stimulation with odorants while 
superfusing the cell with a Ca2+-free buffer (2 mM EDTA) did not change the intracellular Ca2+-level. Switching back to buffer with 1 mM Ca 2+ restored 
the responsiveness; odorant application elicited a typical Ca2+-signal. Simular responses were observed using mixture II for stimulation. 
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the sensitivity of various receptor cells. It was found that 
the responsiveness of isolated neurons to different odorant 
concentrations varied considerably. Certain cells responded 
to odor doses as low as a few nanomolar with a strong 
Ca2+-signal, whereas others needed much higher concen- 
trations. Furthermore, it was observed that the highest 
dosage not always elicited the strongest response. As 
demonstrated in Fig. 8, certain cells gave a maximal 
response already at a rather low odorant concentration and 
significantly weaker signals at higher odor doses. A quanti- 
tative evaluation of the responsiveness for a larger number 
of cells revealed that many of them are sensitive to 
nanomolar odor doses, whereas about 40% responded to 
strong stimuli in the micromolar range. 
Analysing the responsiveness of isolated olfactory neu- 
rons to various stimulus paradigma revealed that most of 
the cells could apparently be catagorized into three differ- 
ent groups. A population of cells (18 of 60 reactive cells 
responding to cAMP-odorants, 12 of 60 cells responding to 
IP3-odorants) responded exclusively to one of the two odor 
mixtures at various concentrations but not to the other 
(Fig. 9a). These cells may be considered as 'odor-selec- 
tive' neurons. The second group responded to both odor 
mixtures, however, only at a narrow concentration range 
(15 of 60 reactive cells); thus they may be designated as 
'intensity-selective' neurons (Fig. 9b). The third type of 
cells ('non-selective' cells) responded to both odor mixture 
at each concentration applied (Fig. 9c) (15 of 60 reactive 
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Fig. 8. Responsiveness of an isolated olfactory receptor cell to different 
odor doses. The strongest reaction was observed at 0.1 /zM odorant 
(mixture I) concentration; a significantly lower response was registered at 
higher odor doses. Upon application of a low odor dose (0.01 /xM 
mixture I), a slow onset of the Ca2+-response was observed; [Ca 2+ ]i 
reached an intermediate l vel. A stronger stimulus elicited a rapid raise in 
[ Ca2+ ]i; the highly elevated peak level gradually declined to an interme- 
diate tonic level. A 10 times stronger stimulus (1 /zM) induced a very 
rapid onset of the Ca2+-response; however, only an intermediate l vel of 
[ Ca2+ ]i was reached probably due to some adaptation processes. 
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Fig. 9. Patterns of responsiveness ob erved in subpopulations of isolated 
olfactory neurons employing different stimulation paradigmas. Applica- 
tion of different odorant mixtures was intermitted by washing steps, 
allowing a full recovery of the ceils. Experiments performed in reversed 
order gave virtually the same results. (a) Representative cell responding 
to mixture I at various concentrations butnot to mixture II. (b) Olfactory 
neuron responding toboth odorant mixtures, however, only to low doses 
but not to high doses. (c) A representative of the cells which respond to 
both odorant mixtures at all applied concentrations. 
cells). These observations emphasize the highly variable 
response pattern of the olfactory receptor neurons. 
4. Discussion 
The data indicate that chemosensory neurons isolated 
from the olfactory epithelium of rat respond to odorant 
stimulation with a transient increase in intracellular Ca 2+- 
concentration due to an influx of extracellular Ca2+-ions, 
thus confirming recent studies on olfactory neurons from 
fish [13], frog [14,34] and rat [35]. The absence of a 
Ca2+-response in half of the analysed cell may be due to 
the limited number of odorants employed in this study; this 
view is supported by the observation that most of the 
E. Tareilus et al. / Biochimica et Biophysica Acta 1269 (1995) 129-138 137 
unresponsive cells reacted with an elevated [Ca2+]i to 
direct G-protein stimulation with aluminium fluoride (data 
not shown). In contrast to the Ca2+-signals evoked by 
membrane depolarisation which are mainly restricted to 
the soma, the odor-induced Ca2+-signals are spatially lo- 
calized in the apical processes of the cell, most clearly 
observable in the dendritic knob, the cellular compartments 
most sensitive to odorants [36]. The stimulus-induced in- 
flux of Ca2+-ions is supposed to be mediated via second 
messenger gated cation channels; both the cyclic AMP- 
gated channel [32] and the IP3-gated channel [9,10] are 
permeable to calcium and thus can account for a signifi- 
cant influx of Ca 2+-ions. High densities of both types of 
channels have been detected in the plasma membrane of 
the cilia and the dendritic knob [8,10,11,37]. The relatively 
slow raise in the intracellular Ca2+-concentration may be 
explained by the fact that ~Ehe number of Ca 2 +-ions enter- 
ing the cell is probably small compared to the calcium 
buffering capacity of the cytosol [38]. The transient eleva- 
tion of [Ca2+]i is probably a consequence of the phasic- 
tonic kinetic of the odor-induced second messenger re- 
sponses [3-5]. Rapid opening of the second messenger 
gated channels would lead to influx of Na + and Ca 2+ and 
a depolarisation of the membrane accompanied by an 
increase of [Ca2+]i . Decaying of the second messenger 
levels would cause a closing of the cAMP- and/or  IP 3- 
gated channels. The decay of [Ca 2+ ]i towards basal levels 
is presumably based on efl]cient extrusion mechanisms in 
the apical cell compartments, noteably ATP-driven Ca 2+- 
pumps [39] or Na+/Ca  2 +-exchangers [40] (Tareilus et al., 
unpublished ata). It was observed that certain cells dis- 
play only weak responses to high odor doses and a strong 
Ca2+-signal only to low odor doses (Fig. 8). Since this 
high sensitivity to lower odorant concentrations was mea- 
surable even after a preceding strong stimulus (Fig. 9), this 
different responsiveness cannot be attributed to an exten- 
sive receptor desensitization but rather may be the conse- 
quence of rapid adaption processes in these cells when 
exposed to strong odor stimuli [26] or due to suppression 
of odorant responses [41]. 
The increase in intracellular Ca2+-concentrations upon 
maintained odorant stimulation may have a number of 
functional implications. It has been proposed that Ca 2 +-ions 
play an important role in adaptation of the chemosensory 
cells to sustained odor stimulation [16,17,26,42]. Several 
mechanisms through which Ca2+-ions may mediate adapta- 
tion can be envisioned. Elevated intracellular Ca2+-levels 
cause a blockage of cAMP-gated channels [16,17], thus 
attenuating the stimulus induced depolarization of the 
membrane. Higher levels of Ca 2+ would also affect Ca 2+- 
activated C1--channels which are also primarily located in 
cilia [21]. Depending on the extracellular Cl--concentra- 
tion, increased Cl--conductance of the plasma membrane 
may either amplify the depolarization [22] or contribute to 
the re- or hyperpolarization after an odor stimulus [43]. 
Activation of Ca2+-dependent K+-channels which are 
mainly found in the soma membrane [20,29] may also 
contribute to damping the electrical responsiveness. In 
addition to modulating the activity of ion channels in the 
plasma membrane, intracellular Ca2+-levels also govern 
the activity of key enzymes of the transduction cascades, 
such as adenylate cyclase [24], phosphodiesterase [25] and 
phospholipase [44], and thereby control the extent of signal 
amplification in the sensory cells. Thus, the stimulus-de- 
pendent modification of the intracellular Ca2+-concentra - 
tions appears to be an highly sensitive switch to fine-tune 
the chemo-electrical transduction process and thereby the 
responsiveness of olfactory receptor neurons. 
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